Colour doppler imaging and conventional spectral doppler/B-mode techniques were used to detect and quantify rectus muscle movement during voluntary saccades. A velocity gradient was evident in all muscles studied-low velocities near the muscle origin at the back of the orbit increasing linearly to a maximum near the muscle insertion on the globe. A consistent reduction in velocity occurred along muscles injected with botulinum toxin. Doppler ultrasound complements current clinical eye movement recording techniques--electronystagmography, infrared light reflection methods and magnetic induction methods-insofar as it detects movement in parts of the muscle itself rather than movement of the globe secondary to muscle contraction.
Many techniques have been developed to measure eye movements objectively. They have found application in research into eye movement disorders as well as the clinical evaluation of selected patients. All tests currently in use measure movement of the eye and infer extra-ocular muscle movement from this. Ultrasonically the movement of the extra-ocular muscles can be imaged using the real-time B-mode technique, but quantitative measurements of muscle velocity using this technique are tedious. Doppler ultrasound techniques on the other hand, which are based on measurement of the frequency change induced when a transmitted pulse is scattered by a moving target, can also be used to measure muscle velocities. Recent technical advances have allowed the simultaneous dis play of a B-mode image and doppler fre quency shift information on the same screen. Application of these techniques to the eye muscles offers the possibility of directly mea suring muscle movement. This paper presents some preliminary results and discusses the limitations of the method using current doppler ultrasound technology.
Techniques
An Acuson 128 system, capable of operating simultaneously in a combination of pulsed doppler mode and B-mode, was used in this study. A 5 megahertz probe, comprising 128 transducer elements, was coupled to the closed eyelid of a seated patient via liquid gel.
Doppler techniques are based on the measurement of the frequency change (the doppler shift frequency) induced when a transmitted ultrasonic wave of frquency fi is scattered by moving tissue. The doppler shift equation is given below for an idealised single scatterer moving with a constant velocity V at an angle of 8 to the incident ultrasonic wave. It demonstrates that returned echoes have a higher frequency than transmitted pulses if the scatterer is moving towards the trans ducer, and a lower frequency if the scatterer is moving away from a transducer; the magni tude of the doppler shift frequency is propor tional to the velocity of the scatterer. An alternative way of displaying doppler information is the spectral doppler method. A region for study is selected on the B-mode image by bracketing it using a small gate dis played as two horizontal lines (Fig. 2) . A graph of doppler shift frequency versus time-the spectrogram-may then be pre sented directly beneath the B-mode image.
The brightness of any point on this graph is a measure of the number of scatterers within the sample volume exhibiting a particular doppler shift frequency. Traditionally, move ment towards a transducer is plotted above the X-axis and movement away from a trans ducer beneath the X-axis. As the doppler shift frequency is proportional to the component of tissue velocity directly towards or away from the probe, the Y-axis is calibrated in metres per second. Typically a time axis scale on the spectrogram of five seconds per sweep is selected. Collection and analysis of the spec tral doppler data allows simultaneous B-mode imaging frame rates of 14 per second. Any change in a spectrogram due to a change in the sample volume is thus immediately apparent on the B-mode image.
Muscle Studies
Using the colour doppler imaging mode, the extraocular muscles to be studied were identi fied and the subject was then asked to gener- ate large saccadic eye movements in the direction of action of those muscles. The extent of the saccadic excursion (50 degrees) was controlled by keeping open the eye not being examined. The most sensitive colour range was selected and the saccades were recorded on video tape for later analysis.
Using the combined doppler spectrogram and B-mode, a single extra-ocular muscle (usually the lateral rectus) was identified. Muscles appear as dark bands within the more echogenic orbital fat. The doppler gate was positioned within it close to the globe. The subject again generated saccades toward and away from the direction of action of the muscle and the doppler spectrogram was printed (Fig. 2) . The gate was then moved to a different position within the muscle and the sacca des repeated. The spectrograms from three or four such positions were examined. Peak velocity along the axis of the transducer during each saccade was measured and aver aged for each position in the muscle. This was converted to velocity along the axis of the muscle by dividing by the cosine of the angle 8; the angle of 8 was measured on the B-mode image (Fig. 3) .
Ten normal eyes were studied. In addition, four eyes in which botulinum toxin had been injected into either the medial or lateral rectus muscles were studied one week after the injec tion. The toxin was injected into the antago nist of paretic horizontal rectus muscles in these cases to reduce the angle of squint. Toxin weakens the injected muscle.
Results
Colour doppler imaging showed muscle movement quite clearly as a blush of blue on one side of the globe and orbit, and red on the other. These represented movement away from and toward the probe respectively. The technique was unable to discriminate differ ences in muscle velocity along the length of the muscles even on the most sensitive colour range. In addition, movement of the muscle was accompanied by movement of adjacent tissue septa and fat from which the muscle itself could not reliably be distinguished.
Doppler spectrography is able to measure low velocities more precisely. Moreover, the extraocular muscles appear quite clearly on Distance from the Eye (mm) Fig. 4 Results of multiple measurements of a medial (positive velocities) and lateral (negative velocities) rec tus muscle in the same eye show little variation in sac cadic velocity at a given point in the mu�cle (error bars are ± 1 standard deviation). A velocity gradient is apparent along the length of each muscle.
the B-mode image as dark stripes surrounded by more echogenic fat. Considerable varia tion in saccadic velocities of the ten normal eyes was present, but not between repeated sacca des of the same eye (Fig. 4) . (Fig. 5) .
The velocity gradients of the normal and botulinum treated eyes were compared by normalising the data (Fig. 6) . No significant differences were apparent between these gradients.
Discussion
Many disorders of the oculomotor system are Distance from Eye (mm) Fig. 5 . The medial rectus muscle had been injected with botulinum toxin one week earlier and shows marked reduction in velocities throughout its length (above the line). The saccadic velocity of the antagonist lateral rectus (below the line) was also reduced, com pared with normal muscles, because of abducent nerve palsy.
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